The aim of this study was to investigate the compressive strength and surface roughness of two glass ionomer cements and two resin-based fissure sealants before and after fluoride release and recharge. Twenty-one specimens were prepared and divided into three groups for each material. First group was loaded in compression until failure. Fluoride released was measured from the remaining specimens, and then the second group of seven specimens was loaded at 28 th day. The remaining seven specimens were exposed to 0.05％ NaF solution and 1.23％ APF gel. Fluoride amount was measured, and the last group was loaded at 70 th day. Surface roughness measurement of five more disk-shaped specimens from each material was also carried out. After exposure to APF gel, all materials were recharged. At the end of experimental period, it was found that surface roughness increased, whereas compressive strength decreased, over time. In conclusion, fluoride-releasing fissure sealants could act as show, rechargeable fluoride release systems. However, if a fissure sealant exhibited high fluoride release, it had inferior mechanical properties.
INTRODUCTION
Caries in pits and fissures accounts for a major part of dental caries experience in children and adolescents. In general, the highest risk of developing occlusal caries occurs within the first three years after eruption of molars. However, presently, in the age group of 13 to 15 years, occlusal restorations account for more than 80 per cent of the total number of dental restorations [1] [2] [3] . In light of the rampancy of dental caries, various caries prevention materials and techniques have been advocated for susceptible pit and fissure areas in posterior teethespecially for child patients and high-risk caries patients 2,4） . In connection with these caries prevention and control programs, sealants are used to penetrate the pits and fissures and thereby seal these areas against oral bacteria and food debris 1, 2, 4, 5) . In caries prevention, the preventive effect of fluoride on caries has been unequivocally established. Porous enamel and softened dentine can be remineralized in the presence of fluoride 6, 7) . However, to provide a low but effective quantity of fluoride over a prolonged period, it would have to be a slow and rechargeable fluoride release system from dental materials [8] [9] [10] . The amount of fluoride adequate and necessary for curing carious lesions and for other anticariogenic effects is not well documented. However, it may be assumed that fluoride content should be as high as possible, but without adverse effects on the physical and mechanical properties of the dental material. Further, there should be an initial burst effect to stop caries and induce remineralization in addition to the long-term release [5] [6] [7] 9) . However, the amount of fluoride released differs significantly among different materials, suggesting that many factors -such as dental material formulation -influence the amount of fluoride released. At this juncture, it is worth mentioning that fluoride-releasing sealants -apart from their role in pit and fissure caries prevention -can also help to maintain a low level of fluoride in saliva 5) . Fluoride is cleared rather rapidly from the oral fluid. This means that fluoride level is back to its baseline value within a relatively short period of time. To circumvent this phenomenon, topical fluoride agents or fluoride-containing mouthwashes and toothpastes are used to partially regenerate or recharge the fluoride-releasing capability in the oral fluid [11] [12] [13] . However, the recharge capability varies widely among different types of fluoride-releasing fissure sealants; in particular, glass ionomers are capable of absorbing fluoride from external sources. Besides, sodium fluoride is incorporated into the fillers of some sealants to act as a fluoride reservoir from which the added fluoride is gradually released into the oral cavity 2, 7, 10, 13, 14) . With respect to fissure sealants, significant advancements in chemistry and applications of dental materials have contributed to their success 1, 15, 16) . The components of sealants are similar to those of composite resin restorative materials. They provide reasonable flowability due to their low viscosity, good wettability, and improved physical properties. However, a major disadvantage of composite resinbased materials is their shrinkage at polymerization, causing gap formation -thereby leading to bacterial penetration and then restoration failure 4, 16, 17) . Against this background, glass ionomers have been suggested as an alternative material for sealants. The main clinical advantage of this material is its ability to bond chemically to dentin and enamel without the use of acid-etch technique, which increases the vulnerability to moisture absorption 14, 17, 18) . It is reported that the fluoride release level of glass ionomers is higher than that of resin-based fissure sealants. As such, glass ionomer cements can probably be recommended as a "fluoride depot" rather than as a conventional mechanical barrier occluding susceptible fissures. However, clinical studies have found retention of glass ionomers to be significantly poorer than that of resins. Moreover, it is reported that the mechanical properties of glass ionomer cements are inferior to those of resin-based fissure sealants 15, [17] [18] [19] [20] . Nonetheless, the final choice between resin-based and glass ionomer fissure sealants should be based on adequacy of moisture control. Since resins are the most durable, they should generally be the preferred choice. On the other hand, glass ionomer fissure sealants are recommended for erupting teeth or where co-operation is insufficient to place a conventional resin sealant 14, 17, 18) . Presently, the use of fissure sealants with increased biocompatibility, enhanced esthetic appeal, and also improved mechanical properties are still being discussed and studied. Compressive strength is an important property in restorative materials, particularly in the process of mastication. This is because most forces of mastication are compressive. Moreover, when comparing materials that are brittle and generally weak in tension ( and hence not employed where tensile forces predominate), compressive strength is a useful benchmark [21] [22] [23] [24] . Another well-documented factor that contributes to the success of dental restorations is a smooth surface [25] [26] [27] . Bollen et al. reported a mean roughness of 0.2 m as the critical threshold value for bacterial retention 25) . Surface roughness exceeding 0.2 m was found to result in a simultaneous increase in plaque accumulation, thereby increasing the risk of caries development and periodontal inflammation 25) . Similarly, it has been reported that materials with high fluoride release have lower mechanical properties than materials with low fluoride release 24) .
In other words, the clinical success of a dental material is also influenced by its fluoride release behavior, since the latter may have an adverse effect on mechanical properties. However, reports pertaining to the physical and mechanical properties of sealants have been scarce because sample preparation with such low-viscosity materials is difficult. The aims of this study, therefore, were to determine whether there was any association between mechanical properties and fluoride release, as well as between fluoride release and fluoride recharge capabilities, of two glass ionomer cements formulated for fissure sealing and two resin-based light-cured fissure sealants.
MATERIALS AND METHODS

Specimen preparation
Two different types of glass ionomer cements (GIC) formulated for fissure sealing (Fuji VII, GC Belgium; Ketac Molar, 3M ESPE USA) and two different types of resin-based light-cured fissure sealants (Clinpro, 3M ESPE USA; Embrace, Pulpdent, USA) were selected for this study. Table 1 lists the materials selected for this investigation and their manufacturers.
A hundred and four disk-shaped specimens were prepared by using metallic molds by one operator (CILDIR SK). Twenty-one specimens (4 mm diameter and 6 mm height) from each material were prepared for compressive strength experiment, and five specimens (8 mm diameter and 2 mm height) from each material were prepared for surface roughness experiment. Each material was cured or mixed according to the manufacturer's instructions and then placed in the metallic mold, covered with polyethylene sheets, and pressed between two glass sheets to the thickness of the mold. Specimens were stored in their molds for one hour before having their thickness and diameter measured. Then, each specimen was transferred to plastic test tubes containing 3 ml of deionized water. Both samples and containers were incubated at 37 during the entire experimental period. Fluoride ion measurement Fluoride release was analyzed using a fluoride ion selective electrode (9609 BN, Orion Research) connected to an ion analyzer (Orion 720A+). The fluoride electrode was maintained according to manufacturer's instructions and calibrated daily with standard solutions. The required concentrations of standard solutions, 0.1 ppm, 1 ppm, 10 ppm, and 100 ppm, were prepared from a 100-ppm F stock solution (Orion 94-09-07). After every 10 measurements, the electrode was recalibrated with the standard solutions. All concentrations were given as parts per million (ppm).
To prevent fluoride build-up that might interfere with weekly measurements, the sample solutions were changed 24 hours before fluoride analysis. After caps were placed on the tubes, the samples were incubated for 24 hours at 37 . Following 24 hours' incubation, each sample was transferred to a new tube containing 3 ml of fresh, distilled deionized water. Each specimen was clasped with a pair of clean metal forceps and rinsed with 1 ml of distilled deionized water over the original holding tube, thus collecting the rinse water in that tube. After which, the specimen was dried for one minute on absorbent paper, placed in a new tube containing 3 ml of fresh, distilled deionized water, and incubated at 37 .
Fluoride ion concentration for each incubation period was determined by adding 0.4 ml of Total Ionic Strength Adjustment Buffer (TISAB III, No. 940911, Orion) to each test tube. The TISAB buffer was added to provide a constant background of ionic strength, thereby ionizing the fluoride present in the solution and adjusting the pH of the solution. Fluoride sample containing TISAB buffer was stirred with a magnetic stirrer for five seconds before the fluoride electrode was positioned immediately in the sample for measurement. The electrode membrane was rinsed well with deionized water and blotted dry between tests.
Compressive strength measurement Twenty-one specimens were randomly divided into three groups. First group was loaded in compression until failure, and the initial compressive strength values were determined by using an Instron 3345 mechanical testing machine with a crosshead speed of 1 mm/min. Fluoride released from the remaining specimens was measured at 1 
Surface roughness measurement
Five disk-shaped specimens from each material were prepared for surface roughness measurement. Fluoride ion measurement and refluoridation were performed on these specimens on the same days, as mentioned above. After storage for 24 hours at 37 , the specimens were polished with 2500-grit SiC paper. Surface roughness of the specimens was determined using a surface profilometer (Perthometer M1, Mahr), with a tracing length set at 1.5 mm and a cut-off value at 0.25 mm, on 1 st , 28 th , and 70 th days. Each sample was rotated 120 to record three readings per surface, and the average value of these three readings was recorded for each specimen.
The instrument provided the average surface roughness, Ra, per tracing in microns. Ra is the arithmetic average height of roughness irregularities measured from a mean line within the sampling length.
Statistical analysis
Statistical analysis was performed with a GraphPad Prisma V3 program.
Data were analyzed by Friedman, Kruskal-Wallis, Dunn's multiple comparison, and Pearson's correlation tests. Comparisons were considered to be significant at p<0.05.
RESULTS
Before refluoridation, all materials released fluoride at the stipulated time intervals. Highest amount of fluoride was obtained during the first 24 hours, but sharply dropped on the second day. It then remained at a low and constant level after approximately one week (Fig. 1 ). There were statistically significant differences between the amounts of fluoride released from resin-based fissure sealants and those from GICs formulated as fissure sealants (p<0.0001). APF, the initial fluoride ion release increased significantly for all materials (p<0.001). The highest rate was achieved by all materials on the first day of refluoridation, but dropped sharply to a constant, low level (Fig. 2) . After refluoridation, Fuji VII and Ketac Molar released significantly more fluoride than Embrace and Clinpro at all measurement days (p<0.05). Figure 3 shows the mean levels of compressive strength. Sealants with the same letter had no significant differences. Compressive strength values for Clinpro and Embrace were significantly higher than Fuji VII and Ketac Molar at all measurement days (p<0.0001). Comparisons between the measurement days within each material were significantly different, except for Fuji VII (p<0.001). A negative correlation between compressive strength and fluoride release was found (Fig. 4) (r= 0.736, p<0.0001) . Figure 5 shows the mean levels of surface roughness. Surface roughness values of all materials were observed to gradually increase toward the 70 th day. Sealants with the same letter had no significant differences (p>0.05). Further, highest surface roughness value was found in Fuji VII at all measurement days, and the lowest in Clinpro. For all materials, there were statistically significant differences in surface roughness value between the initial and 70 th days (p<0.01 and p<0.05, respectively). 
DISCUSSION
For caries prevention programs in pediatric dentistry, fluoride-releasing fissure sealants are used as a means to provide a continuous, low level of fluoride in the oral environment 1, 2, 5) . Jensen et al. 28) and Hicks et al. 5, 29) reported that compared to non-fluoridecontaining fissure sealants, fluoride-containing fissure sealants significantly reduced the amount of demineralization in adjacent enamel. In general, the pattern of fluoride release by glass ionomers is in agreement among the findings of many researchers 7, 14, 20) . However, less research was done on the fluoride release behavior of resin-based fissure sealants 5, 23) . In the present study, all the evaluated fissure sealant materials released fluoride. However, throughout the study, glass ionomer fissure sealants released more fluoride than resin-based fissure sealants. This difference in fluoride release behavior arose from their differences in chemical composition.
The amount of fluoride released among the selected materials differed significantly, suggesting that many factors such as dental material formulation and amount of fluoride incorporated in the material wielded an effect on the amount of fluoride released 7, 10, 13, 14, 30) . When compared with the GICs, the amount of fluoride released from the resinbased fissure sealants was minimal 7, 13, 18, 19) . Currently, fluoride-containing fissure sealants are being marketed, and both in vivo and in vitro studies of fluoride release have been reported. In both studies, fluoride release was rapid and the major fluoride release occurred within the first two days 5, 14, 19, 28, 31) . The problem with the release of fluoride in all these studies was that there was a "burst effect" in which great amounts of fluoride were released during the first 24 hours. Thereafter, the amount of fluoride released dropped sharply on the second day and decreased slowly during the last days. In particular after the second week, the fluoride release rate slowed down to almost no differences in fluoride elution between days 10, 12, 30, 32) . As for this study, the findings were similar. There were statistically significant differences between the initial fluoride release rates of resin-based fissure sealants versus those of GICs.
Highest amount of fluoride was released from Fuji VII (31.143 3.47), while Clinpro ranked the lowest (0.665 0.086). This observation was supported by previous studies 7, 10, 12, 30) . From a clinical point of view, these results implied that fluoride-releasing fissure sealants could act as intraoral devices for controlled, slow release of fluoride. Expectedly then, an increase in fluoride concentration in saliva and in adjacent dental hard tissues would be of some benefit to sites at risk of recurrent caries as well as in preventing further demineralization 5, 6, 19, 33) . Under laboratory conditions, most of the measurements have been made in distilled water and not saliva. In other words, fluoride release occurs in one direction only, from the sealant specimen into water. In the mouth, it is probable that some fluoride release is available from the oral fluid for ionic substitution of the mineral phase of enamel. Moreover, release of fluoride from fluoride materials into artificial human saliva has been shown to be significantly less than into water 14, 31, 32, 34) . However, in a report by El-Mallakh and Sarkar 34) , it was pointed out that the presence of plaque or pellicle which may influence the diffusion of fluoride and fluoride levels was not taken into account. Further, although fluoride release in artificial saliva more closely simulates an in vivo situation, the organic components in artificial saliva might interfere with the sensitivity of the lanthanum fluoride (LaF) membrane of F electrode 34) . Therefore, in this study, deionized water was the preferred medium, just as in many other studies 7, 10, 12, 13, 30) . It has been reported that in the oral environment, fluoride-releasing fissure sealants recharge their fluoride content when exposed to fluoridated products such as fluoride gel, mouthwash, or toothpaste 7, 10, 13, 27) . It has been found that a linear correlation exists between fluoride release and recharge capabilities. In other words, a material with higher initial fluoride release also has a higher fluoride recharge capability 22, 24) . Therefore, for fluoridereleasing fissure sealants, their ability to absorb fluoride from topical agents and subsequently release it serves as an excellent delivery system for fluoride intraorally 7, 29, 35) .
In the present study, the total amount of fluoride released was significantly higher after exposure to a 1. 23 APF gel than after exposure to 0.05 NaF solution. For resin-based fissure sealants, no extra fluoride was released during days 30 to 42 after exposure to 0.05 NaF, while significant increase was observed for glass ionomer fissure sealants. However, after exposure to 1.23 APF, fluoride continued to be eluted from all groups; especially for glass ionomers, fluoride release continued until day 70. These results thus supported the suggestion that the amount of fluoride released after exposure was dependent on the concentration of fluoride solution 7, 10, 12, 13) . In the present study, the most important finding was that fissure sealants could be recharged by 1.23 APF gel. Then, for a long period of time after recharging, a substantial and constant level of fluoride could be maintained in their surrounding environment. In addition, this finding illustrated that a subsequent, follow-on release was not merely a result of wash-out of fluoride ions adsorbed to the disk surface. Most probably, some fluoride had diffused into the material matrix, increasing its fluoride reservoir, and from which fluoride was released slowly for a prolonged period 7, 10, 13, 35) . Gradual fluoride release by a diffusion process is preferred over the dissolution of material. In this manner, fluoride release is less likely to result in deterioration of the mechanical properties of the material.
In the process of mastication, surface roughness and compressive strength are very important mechanical properties of a restorative material. As such, compressive strength test is selected by the International Standards Organization as a test procedure for water-based cements used in dentistry 36) . ISO compressive strength test specimen dimensions were thus employed in this study.
In the present study, the compressive strength values of all fissure sealants gradually decreased over time, and the decrease was significantly higher in glass ionomer fissure sealants both before and after prophylaxis treatment. It has been reported that a negative correlation exists between fluoride release and compressive strength of glass ionomer and resinbased fissure sealants [22] [23] [24] . Results of the present study agreed with the published literature [22] [23] [24] , whereby it was shown that materials with high fluoride release had lower compressive strengths.
Studies have suggested that 0.2 m was the threshold surface roughness value for bacterial retention. Surface roughness exceeding this threshold value would result in a simultaneous increase in plaque accumulation, thereby increasing the risk of both caries development and periodontal inflammation 25, 37) . In this study, the resin-based materials exhibited a statistically smoother surface than the glass ionomers an observation in agreement with those of similar studies 27, 37, 38) . Further, there were no significant differences in surface roughness among the resin-based fissure sealants and among the glass ionomer fissure sealants in our study.
Restorative materials were found to exhibit a significant increase in surface roughness following simulated home-care or prophylaxis treatment. Further, the effect of prophylaxis treatment was found to be material-dependent 25, 26, 37, 38) . As for the present study, all fissure sealants demonstrated an increase in surface roughness following prophylaxis treatment. However, glass ionomer fissure sealants yielded significantly higher roughness than the resinbased fissure sealants. Surface roughness increased up to 0.4 m for Fuji VII and 0.3 m for Ketac Molar after APF gel application. This increase in roughness was statistically significant. It should also be noted that the surface roughness values of glass ionomer fissure sealants exceeded the critical threshold value for bacterial retention, a finding likewise supported by previous studies 27, 39, 40) . Clinpro showed the highest mechanical properties, followed by Embrace. Current fissure sealants with a high fluoride release were found to have lower mechanical properties. Conversely, resin-based fissure sealants though mechanically stronger released only a small amount of fluoride. Ultimately, the choice between resin-based and glass ionomer fissure sealants should be based on the adequacy of moisture control. Since resin-based fissure sealants are the most durable, they should generally and logically be the preferred choice. Nonetheless, glass ionomer fissure sealants should be used in cases where moisture control is difficult, e.g., in erupting or newly erupted teeth. In these cases, glass ionomer fissure sealants are regarded more as temporary fissure sealants or as a fluoride release vehicle, rather than as true, permanent fissure sealants. As for resin-based fissure sealants, their fluoride release characteristic coupled with their good, long-term mechanical properties, auger well for their potential use in clinical situations.
CONCLUSIONS
From a clinical point of view, results of the present study implied that fluoride-releasing fissure sealants might act as intraoral devices for controlled, slow release of fluoride at sites at risk of recurrent caries. As such, we would thus recommend topical fluoride application to be used in conjunction with these materials as a preventive measure against caries. Further, after prophylaxis treatment, polishing is also recommended to prevent surface roughness.
